Abstract The notion that environmental factors interact with genetic variants to affect phenotypes associated with complex diseases has arisen since the early days of genetic research. Among the environmental factors, nutrition holds a strong and permanent position, as it is a factor present throughout the life span. Calcium and vitamin D are the most important nutrients with regard to the development and health of the skeleton and have been associated with a variety of bone metabolic diseases (eg, osteoporosis). Multiple interactions between these two nutrients and genetic variants have been identified in the genetic research on bone phenotypes. A summary of these interactions is presented in this review. Furthermore, some ideas for the improvement of the studies in this field are also discussed within the current framework of the genetic research into bone phenotypes.
Introduction
The development of most common chronic human diseases is believed to be associated with genetic and environmental factors as well as the interactions between them. The study of gene-environment interactions has been present since the early days of genetic research [1] .
Due to technological development, high-throughput genotyping technologies such as genome-wide association studies (GWAS) and next-generation sequencing allow the assessment of a vast number of genetic variants in relation to different phenotypes [2, 3] . Although a noteworthy number of variants in many genes have been identified using these technologies, a significant amount of heritability of the assessed traits remains unexplained [4, 5••] . Among the reasons for this observation is the existence of gene-environment interactions [6] .
The assessments of these interactions were traditionally investigated using candidate gene approaches [1] . The use of the new "hypothesis-free" approaches was expected to increase the current knowledge in this research field as well. However, as the number of assessed variants increases, the assessment of interactions becomes more difficult for many reasons. To ensure increased statistical power in GWAS, different large populations are pooled. Common issues are the lack of availability of common environmental data for all subjects or their assessment with different tools, which make the pooling of data very difficult. Furthermore, the exposure to some factors (eg, nutrition) can be significantly different between different populations, which is another problem that needs to be addressed. Finally, a "hypothesis-free" approach in which both environmental factors and the genetic variants are assessed (>1 million nowadays) in a gene-environmentwide association methodology is almost statistically impossible, and even if the environmental factors are preselected, the sample size for the interactions assessment should be at least four times larger than the sample used for detection of genetic main effects only [2, 5••] . Therefore, most available data on gene-environment interactions still come from candidate gene approach studies.
Among the different environmental factors known to interact with genetic variants, nutrition is considered very important, as humans depend on food for survival and nutrition is modifiable throughout life [7] . The field of gene-environment interactions is an extremely active research field. However, the variety of factors that take part of the nutritional exposure as well as the diversity of methods available to assess nutritional intake and habits pose problems in these types of studies. In particular, comparisons between different studies and populations should be made with caution [8] .
Metabolic bone diseases and especially osteoporosis have an increasing prevalence and represent a major public health problem [9] . These diseases have a multifactorial etiology and a significant and polygenic heritable component [10] . Calcium and vitamin D are the most essential nutrients for bone health. Therefore, they are the nutritional factors most commonly assessed for possible interactions with genes in the study of bone phenotypes.
In the present review, calcium and vitamin D interactions with genetic variants for bone phenotypes are described. Among these phenotypes, bone mineral density (BMD), bone loss, peak bone mass, and fragility fractures have been selected, as they represent the most common traits for bone diseases. As there are no available data from GWAS for the reasons that were previously mentioned, data coming from candidate gene studies are presented.
Calcium

Actions
Calcium is the most abundant inorganic component of bones. The mineralization of bone mass is the most significant action of calcium in bones. It is also an essential nutrient for important physiologic processes, including nerve impulse transmission, muscle contraction, regulation of blood clotting and pressure, enzyme regulation, membrane permeability, and cellular metabolism [11] [12] [13] . Milk and dairy products are the basic dietary sources for calcium, along with certain fish (salmon and small fish consumed with bones [eg, sardines]), seafood (clams and oysters), vegetables (turnip and mustard greens, broccoli, cauliflower, and kale), legumes and legume products (tofu), and dried fruits. Nowadays, a variety of enriched foods (fruit juices and bread) are also available [12] .
Calcium-Gene Interactions and Bone Mineral Density BMD is the most commonly assessed bone phenotype. The current diagnosis for osteoporosis is based on BMD values [14] . The majority of calcium-gene interactions for BMD refer to single nucleotide polymorphisms (SNPs) of the VDR gene (vitamin D receptor), which encodes a nuclear receptor of the steroid hormone receptor family. Vitamin D's actions are mediated mostly by its binding with this receptor [15] .
In premenopausal Caucasian women, femoral neck BMD was significantly higher in carriers of the minor allele B of the BsmI SNP only in higher calcium intake (>1,036 mg/d), while for the bb genotype, there was no difference in BMD based on calcium intake [16] . In contrast, the bb genotype of the same SNP was associated with higher trochanter BMD compared with the BB genotype only with calcium intake greater than 800 mg/d, while this effect was reversed with intake of less than 500 mg/d in a large population of older adults [17] . However, significant differences exist between these two studies that could explain the differences in the reported results. The mean calcium intake was such that the possible long-term exposure to different levels of calcium could explain the disparity between results. Also, age differences were important, as in premenopausal women, BMD is usually stable and close to peak bone mass, while in older adults, BMD is decreased.
Furthermore, other polymorphisms of the VDR have been implicated in interactions with calcium. Among the most recent reports for the Cdx-2 variant, Stathopoulou et al. [18• ] demonstrated that Caucasian postmenopausal women with the minor allele A had significantly lower lumbar spine BMD only with lower calcium intake (<680 mg/d). Furthermore, the B allele of the BsmI SNP and the t allele of the TaqI SNP were associated with osteoporosis in the same group. On the contrary, among those with higher calcium intake, none of the SNPs was associated with osteoporosis or BMD [18•] . Also, Fang et al. [19] demonstrated that in a large sample of adults, the A allele of Cdx-2 polymorphism of VDR was associated with greater BMD values only in those with low calcium intake (<600 mg/d). However, this finding did not reach statistical significance because as the population had increased calcium intake, only a small number of individuals were categorized in this group; therefore, statistical power was decreased.
Apart from VDR, other genes have also been shown to interact with calcium intake for BMD. Concerning the lowdensity lipoprotein receptor-related protein 5 (LRP5) gene, the rs4988321 SNP was associated with a calcium intake interaction in postmenopausal women. The A allele demonstrated significantly lower lumbar spine BMD only in those with lower calcium intake (<680 mg/d), whereas in those with higher intake, there were no differences in BMD between genotypes [20•] .
The interleukin-6 (IL6) gene has also been implicated in interactions with calcium intake for BMD. The IL6 -174 G/C SNP was associated with lower hip Ward's area BMD in GG individuals in the group with lower calcium intake (<941 mg/d) [21] .
Calcium-Gene Interactions and Bone Density Changes
There have been some studies in which calcium supplementation has been examined. In these studies, the rate of bone density changes has been assessed, as calcium supplementation is usually tested in older adults with increased risk of osteoporosis. Actually, the first report for calcium-VDR interaction concerned a sample of Caucasian postmenopausal women in a supplementation study of 500 mg/d [22] . This study demonstrated that among those with increased calcium intake in the intervention group, all genotypes for BsmI polymorphism had decreased rates of bone loss, while in the placebo group, the BB genotype was associated with increased bone loss compared with carriers of the b allele [22] . Therefore, BB genotype could have the better clinical response in calcium supplementation. In another study of calcium supplementation (800 mg/d), Ferrari et al. [23] demonstrated that in older adult Caucasians, only the Bb genotype of the BsmI SNP was associated with differences in BMD changes compared with the other genotypes. However, the sample size of this study was small. Furthermore, in another study, the rate of bone loss in the hip of postmenopausal Caucasian women in 6 years was higher for the carriers of the minor allele t of the TaqI SNP of VDR only in those with lower levels of calcium intake (100-456 mg/d) compared with individuals with the common allele T. Also, no difference was found in BMD changes between genotypes with higher calcium intake. In this study, a significant interaction with the collagen 1a1 (COL1A1) gene was observed. Carriers of s genotype of the 1 Sp1 (MscI) polymorphism had higher rates of bone loss in the low calcium intake group, while this effect was reversed with higher intakes (705-2,237 mg/d) [24] .
A recent study investigated the effect of calcium and vitamin D supplementation in Caucasian postmenopausal women with low bone density and the possible interaction with VDR and estrogen receptor 1 gene (ESR1). Significant differences were observed between responders and nonresponders concerning the frequency of four polymorphisms (BsmI and Fok 1 of VDR and T/C of codon 10 and C/G of codon 325 of ESR1) [25•].
Calcium-Gene Interactions and Peak Bone Mass
Similarly, a 1-year intervention study of foods enriched with calcium in prepubertal girls concerning peak bone mass showed that carriers of the B allele of the BsmI polymorphism of VDR were associated with lower BMD at baseline; however, they responded more favorably in the intervention. Also, the BMD of bb subjects was not modified during the intervention [26] .
Another SNP of the VDR that has been shown to interact with calcium intake is the FokI variant. A trend of calcium intake-FokI SNP was demonstrated in a study in girls and premenopausal women, while the FF genotype girls had better responses to calcium supplementation with regard to BMD increase [27] .
Concerning IL6 and peak bone mass, in a sample of premenarche Chinese, the G allele of the -634 C/G SNP was associated with lower total body bone mineral content compared with CC individuals only in the group with lower calcium intake (<460 mg/d), but not in those with higher intake [28] . However, the study sample was relatively small.
Calcium-Gene Interactions and Fractures
Fragility fractures are the clinical manifestation of osteoporosis and therefore the most important bone phenotype. The majority of medications for osteoporosis aim to prevent fractures [29, 30] . Although there is a considerable heritable component (25 %-48 %) [31] , fractures represent one complicated and multifactorial phenotype. Their identification should be based on clinical data, which is difficult, especially for fractures in the spine, which are often misdiagnosed. Therefore, as genetic studies usually require large populations with complete phenotypic data, few studies are available regarding the genetic background of fractures. Among them, those that have assessed gene-environment interaction are even more scarce. We were able to find only one study that identified a significant interaction. Specifically, Fang et al. [32] , in a study of older adult Caucasians, showed that homozygous individuals for haplotype 1 of the D site of the albumin promoter binding protein (DBP) gene had a 47 % increased risk of clinical fractures compared only with non-carriers with low calcium intake (<1,090 mg/d).
Vitamin D
Actions
Vitamin D is considered more of a steroid hormone than a vitamin (an essential nutrient). It is basically produced photochemically by the skin and metabolized into active molecules through a well-regulated endocrine system [33, 34] . The maintenance and regulation of calcium homeostasis is the primary biological action of vitamin D; however, a wide range of actions has been described during the past few decades that includes effects on cellular differentiation, immune system, blood pressure regulation, insulin production, and the nervous system [34, 35] . Vitamin D deficiency causes rickets in children and osteomalacia in adults and is associated with decreased bone mass and fractures as well as with type 2 diabetes, cardiovascular disease, specific cancers, and autoimmune diseases [36, 37] .
Nutritional sources of vitamin D are restricted. Oily fish, cod liver oil, and liver are among the most significant sources, while smaller concentrations are found in butter and dairy products. However, nowadays, a significant amount of vitamin D dietary intake comes from supplemented foods (juices, bread, dairy products) [36, 38] . Although nutritional intake is important for vitamin D status, it is not usually assessed in genetic studies of bone diseases. Also, as the quantification of dietary intake is difficult due to the limited number of validated assessment methods, most studies that investigate the effect of vitamin D intake include the administration of supplements. Therefore, few data are available on vitamin D-gene interactions for bone phenotypes.
Vitamin D-Gene Interactions and Bone Phenotypes
In a study of vitamin D supplementation for at least 2 years in a small sample of older women, bb genotype of BsmI polymorphism of VDR responded less favorably than B allele to treatment. In particular, the difference in change of BMD was significantly higher in B allele carriers between the intervention and placebo groups [39] .
The transforming growth factor-β (TGF-b) gene was associated with responsiveness to vitamin D supplementation in a study on postmenopausal Japanese. Individuals with the CC genotype for the T29-C polymorphism in exon 1 of TGF-b had a significant increase of BMD after 1 year of treatment compared with controls with the same genotype. In contrast, T allele carriers had a similar BMD decrease to that of controls [40] . Also, in the previously mentioned study by Elnenaei et al. [25•] , BsmI and Fok 1 of VDR and T/C of codon 10 and C/G of codon 325 of ESR1 were associated with response to vitamin D and calcium supplementation for 3 months.
Nonsignificant Interactions
Most genetic studies that investigate bone phenotypes do not assess gene-nutrition interactions. However, some studies did not identify interactions between calcium intake and SNPs, although these were assessed. These reports refer to the VDR gene, as it is the most commonly studied. In particular, Macdonald et al. [41] used a large sample of Caucasian postmenopausal women to identify possible effects of VDR polymorphisms and gene-calcium interactions. Associations of the G allele of Cdx-2 and t allele of TaqI polymorphism with decreased femoral neck BMD in the low calcium intake group (mean intake, 768/mg/d) were identified, which, however, were not statistically significant when adjustment for body weight was performed. Furthermore, in the same calcium intake group, the B allele had decreased spine BMD and greater bone loss compared with the b allele of BsmI SNP; this result also lost its significance following adjustment for osteoarthritis [41] . Furthermore, in a Chinese population, FokI polymorphism of the VDR gene was tested for possible associations with BMD and vertebral fractures. Although a marginal effect of the SNP was revealed only in an older adult female sample, no significant interactions were found [42] .
The discrepancy between studies may be due to the different levels of calcium intake being examined in each population, as the levels of typical intakes in each population can modify the genetic effect [17] .
Conclusions
The impact of nutrition in bone health is well-described, and calcium and vitamin D play a pivotal role, as higher intake of both nutrients is associated with more favorable values of bone traits [43] . Based on the results of most studies, it seems that the gene-calcium and vitamin D interactions can have an important role, especially in those with low intakes. The majority of studies indicate that differences between genotypes are observed in individuals with calcium intakes lower than 600 mg/d, while among those with higher intakes, there are no significant differences in bone phenotypes. This could also be the reason why in populations with generally increased calcium intake, no genetic effect can be identified, as it is probably masked by the calcium effect. Furthermore, the complex effect of calcium intake on genotypes may depend on the level of calcium intake being examined. For example, in the study by Ferrari et al. [23] , the Bb genotype of BsmI polymorphism of the VDR gene was affected by calcium intake, while in the study by Krall et al. [22] , the BB genotype's effect was modified by calcium intake. In the first study, calcium intake was 1,226 to 1,235 mg/d, whereas in the second, it was 274 to 530 mg/d. Therefore, in each population, these effects should be assessed based on the level of exposure to the environmental factor. Finally, in most cases, the risk allele is the one that better responds to supplementation treatments. These observations lead to the conclusion that adequate calcium and vitamin D intake (at least at the recommended levels [37, 44] ) can reduce the genetic risk of certain SNPs and improve bone health regardless of the effect of certain genes. However, more studies and experimental validations are needed to establish these effects. Although the study of genetics of chronic diseases makes significant progress, the assessment of gene-nutrition interactions is limited. Large populations are needed to fully explore these interactions. Large consortia can usually yield a satisfactory sample size. Nevertheless, careful and homogeneous collection of nutritional data is crucial. Furthermore, especially in the case of calcium and vitamin D, the stratification of the sample should be well-designed to ensure the assessment of interactions in a wide range of intakes that reflect the different levels of intake within specific populations. In this way, it may be possible to identify true gene-calcium and vitamin D interactions and to better understand the factors that underlie bone phenotypes, as well as to possibly produce individualized markers and strategies for disease prevention and treatment.
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